Recent advances in pulsed plasma research, materials science, and astrophysics have required many new diagnostic instruments for use in the low energy x -ray regime.
Introduction
Research utilizing x rays has evolved from the two a ds of the electromagnetic spectrkm with large efforts in the ultraviolet» wavelength > 100 A, and hard x -ray, wavelength < 1 A, regimes.
For intermediate wavelengths, called the soft x -ray region, there has seen significantly less effort.
Some reasons contributing to the difficulty of performing measurements in this region include the need to use high vacuum, the uncertainty in optical constants, the need to use very thin filters, and the effects of surface contaminants on results. However, many experimental programs in material science, surface science, astrophysics, and laboratory pulsed plasma research have recently emphasized measurements at these wavelengths; and with the impetus of these programs, there have been significant advances in techniques of low energy x -ray physics.
Absolute characterization of soft x -ray instruments has been one of the challenges to successful low energy x -ray experiments.
This means the complete characterization of all the relevant parameters of interest:
the energy dependent response of the instrument, its temporal response, and its spatial and /or angular sensitivity.
Each of these has required special apparatus and techniques to adequately calibrate instruments for use. In this paper, I will review some of the key techniques that have been developed. Some of these elements include, the development of soft x -ray sources, dosimetry of these sources, data bases of This review is in no way exhaustive, but rather is meant to highlight a few important developments. Furthermore, many of the examples used here will be from work in pulsed laboratory plasmas, rather than materials science or astrophysics; however, the problems and techniques are similar in the other areas.
Soft x -ray sources
Every absolute x -ray characterization utilizes an x -ray source to generate the flux necessary to measure the appropriate instrument properties.
There are almost as many different types of x -ray sources as there are instruments, with each one optimized for a particular measurement. This is particularly true in the low energy x -ray region where many of the x -ray sources are custom built in the laboratory where they are used. Many of these sources will be described in other papers at this conference and in particular a variety of x -ray sources which we utilize at Los Alamos are described in a companion paper entitled:
Los Alamos X -ray Characterization Facilities for Plasma Diagnostics." In this paper I will only present a brief summary of the two major types of x -ray sources, D.C. and pulsed.
Introduction
Research utilizing x rays has evolved from the two ends of the electromagnetic spectrum with large efforts in the ultraviolet, 1 wavelength > 100 A, and hard x-ray, wavelength < 1 A, regimes. For intermediate wavelengths, called the soft x-ray region, there has seen significantly less effort. Some reasons contributing to the difficulty of performing measurements in this region include the need to use high vacuum, the uncertainty in optical constants, the need to use very thin filters, and the effects of surface contaminants on results. However, many experimental programs in material science, surface science, astrophysics, and laboratory pulsed plasma research have recently emphasized measurements at these wavelengths; and with the impetus of these programs, there have been significant advances in techniques of low energy x-ray physics.
Absolute characterization of soft x-ray instruments has been one of the challenges to successful low energy x-ray experiments.
the energy dependent response of the instrument, its temporal response, and its spatial and/or angular sensitivity.
Each of these has required special apparatus and techniques to adequately calibrate instruments for use. In this paper, I will review some of the key techniques that have been developed. Some of these elements include, the development of soft x-ray sources, dosimetry of these sources, data bases of optical constants, and a variety of special apparatus to perform the necessary characterizations.
This review is in no way exhaustive, but rather is meant to highlight a few important developments.
Furthermore, many of the examples used here will be from work in pulsed laboratory plasmas, rather than materials science or astrophysics? however, the problems and techniques are similar in the other areas.
Soft x-ray sources
Every absolute x-ray characterization utilizes an x-ray source to generate the flux necessary to measure the appropriate instrument properties.
There are almost as many different types of x-ray sources as there are instruments, with each one optimized for a particular measurement. This is particularly true in the low energy x-ray region where many of the x-ray sources are custom built in the laboratory where they are used. Many of these sources will be described in other papers at this conference and in particular a variety of x-ray sources which we utilize at Los Alamos are described in a companion paper entitled: "Los Alamos X-ray Characterization Facilities for Plasma Diagnostics." In this paper I will only present a brief summary of the two major types of x-ray sources, D.C. and pulsed.
D.C. x-ray sources
There are several types of D.C. x-ray generators.
The major types are the electron impact generator, the ion impact x-ray generator, and the synchrotron source; which, though it has a high frequency repetitive pulsed structure, is usually used in a D.C. mode for instrument characterization purposes.
The electron impact generator is by far the most common in laboratory applications. 20 The details of several sources of this type are listed in the companion papers on x -ray sources.
In general, these sources can convert up to several kilowatts of electrical energy into several tens of watts of x -rays radiated into 2 n steradians. The characteristic x -ray emission from the x -ray tube anode can have up to 90% purity at reduced flux.
These systems can be built in a large variety of forms to optimize them for particular applications including point sources for imaging instrument characterizations, large area x -ray tubes for wide field instrument calibrations, and line sources for diffraction instruments.
Ion impact generators are less common. They require a high power D.C. ion generator with megavolt ion energy to form the primary beam which impacts the target anode. The resulting characteristic x -ray emission of the anode is the primary beam.
The energy which can be dissipated in the target of such a machine is comparable to the electron impact x -ray generator, since this limit is set by the material properties of the anode and the optical depth of the characteristic emission. The optimized x -ray flux from electron and ion impact sources is also comparable.
However, the continuum emission from an ion impact x -ray generator can be lower than from an electron impact generator because of the lower energy of the secondary electrons from ion -electron scattering.
An example of such a source is the proton impact source at the Livermore National Laboratory."
Synchrotron sources have gained prominence in the past decade for low energy x -ray work with the advent of several dedicated synchrotron x -ray facilities worldwide.
X -rays are produced by the synchrotron emission of electrons as they circulate in a storage ring. Today, there are 32 accelerators worldwide which are at least partly used to generate synchrotron radiation for scientific purposes. Table 1 lists the properties of the major U.S. facilities.5 The properties of synchrotron radiation are optimum for many characterization tasks.
The emission is continuous from the infrared into the x -ray regime, with the high energy limit set by the energy of the electrons and the characteristics of the magnetic guide fields.
The x -rays are confined to a narrow divergence cone in the plane of the electron orbit; and most importantly, the emission is very intense even from classical storage rings and can be made even brighter by innovative magnetic field structure design such as wigglers and undulators.
Two major challenges are: the monochromatization of synchrotron beams and absolute dosimetry.
The first problem has been solved by a variety of monochromator designs and one example is described in the companion paper on Los Alamos x -ray sources.
For the second problem, the best dosimetric technique for the facilities in the low energy x -ray region is the ionization chamber which is described below.
The work of Robert Madden, David Ederer, and Edward Saloman at the National Bureau of Standards, SURF II synchrotron facility has been critical in pioneering techniques of absolute x -ray characterization in the low energy x -ray region.6'7 Pulsed x -ray sources Many instruments used as pulsed plasma diagnostics require very high signal measuring bandwidth to discriminate against background or to measure the time evolution of the source. Instruments with several gigahertz bandwidth are a minimal requirement in some applications. In order to characterize the time evolution of such instruments, highly specialized pulsed The electron impact generator is by far the most common in laboratory applications. 2 » 3 The details of several sources of this type are listed in the companion papers on x-ray sources. In general, these sources can convert up to several kilowatts of electrical energy into several tens of watts of x-rays radiated into 2 IT steradians. The characteristic x-ray emission from the x-ray tube anode can have up to 90% purity at reduced flux. These systems can be built in a large variety of forms to optimize them for particular applications including point sources for imaging instrument characterizations, large area x-ray tubes for wide field instrument calibrations, and line sources for diffraction instruments.
Ion impact generators are less common. They require a high power D.C. ion generator with megavolt ion energy to form the primary beam which impacts the target anode. The resulting characteristic x-ray emission of the anode is the primary beam.
The energy which can be dissipated in the target of such a machine is comparable to the electron impact x-ray generator, since this limit is set by the material properties of the anode and the optical depth of the characteristic emission. The optimized x-ray flux from electron and ion impact sources is also comparable.
However, the continuum emission from an ion impact x-ray generator can be lower than from an electron impact generator because of the lower energy of the secondary electrons from ion-electron scattering.
An example of such a source is the proton impact source at the Livermore National Laboratory. 1* Synchrotron sources have gained prominence in the past decade for low energy x-ray work with the advent of several dedicated synchrotron x-ray facilities worldwide.
X-rays are produced by the synchrotron emission of electrons as they circulate in a storage ring. Today, there are 32 accelerators worldwide which are at least partly used to generate synchrotron radiation for scientific purposes. E c = characteristic photon energy in the bending magnets.
The properties of synchrotron radiation are optimum for many characterization tasks. The emission is continuous from the infrared into the x-ray regime, with the high energy limit set by the energy of the electrons and the characteristics of the magnetic guide fields. The x-rays are confined to a narrow divergence cone in the plane of the electron orbit; and most importantly, the emission is very intense even from classical storage rings and can be made even brighter by innovative magnetic field structure design such as wigglers and undulators.
Two major challenges are: the monochromatization of synchrotron beams and absolute dosimetry. The first problem has been solved by a variety of monochromator designs and one example is described in the companion paper on Los Alamos x-ray sources.
For the second problem, the best dosimetric technique for the facilities in the low energy x-ray region is the ionization chamber which is described below.
The work of Robert Madden, David Ederer, and Edward Saloman at the National Bureau of Standards, SURF II synchrotron facility has been critical in pioneering techniques of absolute x-ray characterization in the low energy x-ray region. 6 ' 7 Pulsed x-ray sources Many instruments used as pulsed plasma diagnostics require very high signal measuring bandwidth to discriminate against background or to measure the time evolution of the source. Instruments with several gigahertz bandwidth are a minimal requirement in some applications. In order to characterize the time evolution of such instruments, highly specialized pulsed x-ray sources are required.
Two such sources are in common use: the laser plasma source and the electrically driven plasma source.
Each is a well characterized miniature version of the plasma machines at the forefront of present plasma research.
Several laboratories, including Los Alamos, Livermore, and Limeill, maintain small, 1 -10 joule, 100 ps -1 ns pulsewidth, lasers to act as the primary energy source for a short pulse x -ray source.
These sources can have x -ray pulse durations of 100 ps or less in the 100 eV to several keV x -ray range. The Forge laser at Los Alamos8 is an example of such a facility.
A more thorough description is given below in the companion paper on x -ray sources.
An alternative scheme for generating x -rays uses the plasma created by an electrical discharge in a low density gas. Experiments at the national laboratories as well as Maxwell Corporation and Physics International use pulsed electrical power machines to implode cylindrical gas puffs to high temperatures and densities. 9 Such machines can create plasmas of several square millimeter size with a characteristic black -body emission temperature of order 100 eV.
They can also be optimized to produce line emission up to several kilovolts in energy from non -LTE effects in plasma source with conversion efficiency of 1 %.
The duration of emission from such a source is typically of order 10 ns which is appropriate for many high temperature plasma experiments.
This type of system can also be used as a simulator of intense radiation sources to mimic high heat load effects on plasma diagnostics.
Such considerations are critical in some plasma experiments such as the underground test environment.
Soft x -ray dosimetry_techniques
Dosimetry refers to the measurement of the absolute flux of x rays and is critical to any absolute measurement of instrument sensitivity.
A variety of techniques have been developed to perform absolute dosimetry of low energy x rays; but by far, the most common method is a thin window flow proportional counter, TWFPC, or solid -state detector for single photon counting and ionization chambers for analog flux measurements.
The fluxes measured with these instruments then become the basis of secondary standards based upon alternative x -ray recording systems.
Two important secondary standards are photographic emulsions and scintillators.
In many cases, these secondary standards become the basis of many additional calibrations.
Film, for example, is particularly important in the calibration of imaging systems and spectroscopic instruments.
Proportional counters
Thin window flow proportional counters, TWFPC's, are the standard detector of low energy x -ray dosimetry and have been in use since about 1960 for low energy x -ray measurements.1° '1' A schematic of the basic TWFPC geometry and electronic system is shown in Figure 1 .
The detector is a vacuum sealed body through the center of which passes a thin, -.002n, diameter wire to which high voltage is applied.
This voltage may be as high as several kilovolts and varies the gas gain of the counter depending on the type of gas in the chamber and its pressure. Schematic representation of a thin window flow proportional counter x -ray detector system.
GAS SUPPLY
The gas supply and vacuum system is used to maintain the counter gas absorption at 90% for the x -ray energy of interest.
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Several laboratories, including Los Alamos, Livermore, and Limeill, maintain small, 1-10 joule, 100 ps -1 ns pulsewidth, lasers to act as the primary energy source for a short pulse x-ray source.
These sources can have x-ray pulse durations of 100 ps or less in the 100 eV to several keV x-ray range. The Forge laser at Los Alamos 8 is an example of such a facility. A more thorough description is given below in the companion paper on x-ray sources.
An alternative scheme for generating x-rays uses the plasma created by an electrical discharge in a low density gas. Experiments at the national laboratories as well as Maxwell Corporation and Physics International use pulsed electrical power machines to implode cylindrical gas puffs to high temperatures and densities. 9 Such machines can create plasmas of several square millimeter size with a characteristic black-body emission temperature of order 100 eV.
They can also be optimized to produce line emission up to several kilovolts in energy from non-LTE effects in plasma source with conversion efficiency of 1%.
Soft x-ray dosimetry techniques
Dosimetry refers to the measurement of the absolute flux of x rays and is critical to any absolute measurement of instrument sensitivity. A variety of techniques have been developed to perform absolute dosimetry of low energy x rays; but by far, the most common method is a thin window flow proportional counter, TWFPC, or solid-state detector for single photon counting and ionization chambers for analog flux measurements.
The fluxes measured with these instruments then become the basis of secondary standards based upon alternative x-ray recording systems.
In many cases, these secondary standards become the basis of many additional calibrations. Film, for example, is particularly important in the calibration of imaging systems and spectroscopic instruments.
Proportional counters
Thin window flow proportional counters, TWFPC's, are the standard detector of low energy x-ray dosimetry and have been in use since about 1960 for low energy x-ray measurements. 10 ' 11 A schematic of the basic TWFPC geometry and electronic system is shown in Figure 1 . The detector is a vacuum sealed body through the center of which passes a thin, ~ .002", diameter wire to which high voltage is applied. This voltage may be as high as several kilovolts and varies the gas gain of the counter depending on the type of gas in the chamber and its pressure.
GAS SUPPLY TO VACUUM SYSTEM
MULTICHANNEL ANALYZER Figure 1 . Schematic representation of a thin window flow proportional counter x-ray detector system. The gas supply and vacuum system is used to maintain the counter gas absorption at 90% for the x-ray energy of interest.
Photons enter the counter through the thin entrance window, and then interact through the photoelectric process in the gas volume creating a primary photoelectron and Auger electrons.
These electrons drift under the influence of the electric field towards the central wire until the field is high enough to create secondary ionization.
The resultant electron gain is adjusted to be proportional to the initial electron's energy thus preserving the photon energy information. This electrical signal is then amplified electronically and pulse height analyzed to provide energy dispersive and absolute flux information on the initial photon distribution.
The resolving power of such a system depends critically upon many factors but, in general, is about unity for an optimized system near 100 eV and is of order 10 for 10 keV x rays.
Many gas mixtures are appropriate for work in TWFPC's; however, few have significant advantages over laboratory grade P -10 and pure Methane.
In our work, we have used one or the other of these gases for nearly all measurements.
The choice of one of these two depends solely upon ease of maintaining a convenient pressure in the TWFPC. According to a suggestion of Henke,10 the counters should be pressure tuned for 90% absorption at the energy of interest to achieve the highest instrument resolving power.
The window material is also a critical element.
It should be designed to have minimal absorption at the wavelength of interest.
Thus, very thin windows of materials such as polypropylene and Kimfoil'2 are the primary window materials in the subkilovolt region.
With a detector system as outlined here, it is possible to readily achieve absolute dosimetry values of 10 %; and with great care, a few percent. However, the spectral resolution is poor at best. Thus, for a pure spectrum, TWFPC's provide adequate dosimetry. Otherwise, it is necessary to perform ancillary spectrally dispersive measurements to deduce the beam impurities and correct for them.
Ionization chambers
A second primary standard for soft x -ray dosimetry is the ionization chamber. This ionization current is collected and used to infer the radiation dose.
This technique has been applied from the energies in the vacuum ultraviolet to gamma-rays691391" but the interpretation of the measurement must be carefully analyzed in each energy range to ensure proper inference of the absolute flux.
0
For example, the early work of Samson's is applicable from 1100 A to 300 A in rare gases and assumes that each photoionization creates one electron -ion pair.
A measure of the ion current is thus a direct measure of the photon flux.
On the other hand, the work of Lyons and Baran'" from 1 to 10 Á utilizes the fact that on the average in atmospheric Xenon gas an 22 eV is used to create each electron -ion pair and thus the ion chamber current becomes a total energy measurement.
In the difficult intermediate energy region from 50 eV to 1 keV, careful account must be taken of the efficiency of electron production at each energy to infer accurate fluxes.
A schematic of a typical totally absorbing ion chamber is shown in Figure 2 . The pressure of the absorbing gas is adjusted such that all the expected photons are absorbed within the chamber.
The resulting ionization current is collected and measured on an electrometer. This ion current is then proportional to the incident flux.
A thin window is provided to maintain the purity of the absorbing gas and to provide an equipotential surface to ensure total ion current collection.
Other systems do not use totally absorbing gas chambers; but rather employ multiple sections in the ion chamber and variable gas pressures to infer the fraction of absorbed radiation. Photons enter the counter through the thin entrance window, and then interact through the photoelectric process in the gas volume creating a primary photoelectron and Auger electrons. These electrons drift under the influence of the electric field towards the central wire until the field is high enough to create secondary ionization. The resultant electron gain is adjusted to be proportional to the initial electron's energy thus preserving the photon energy information.
This electrical signal is then amplified electronically and pulse height analyzed to provide energy dispersive and absolute flux information on the initial photon distribution.
Many gas mixtures are appropriate for work in TWFPC'sj however, few have significant advantages over laboratory grade P-10 and pure Methane.
The choice of one of these two depends solely upon ease of maintaining a convenient pressure in the TWFPC. According to a suggestion of Henke, 10 the counters should be pressure tuned for 90% absorption at the energy of interest to achieve the highest instrument resolving power.
Thus, very thin windows of materials such as polypropylene and Kimfoil 12 are the primary window materials in the subkilovolt region.
With a detector system as outlined here, it is possible to readily achieve absolute dosimetry values of 10%; and with great care, a few percent. However, the spectral resolution is poor at best. Thus, for a pure spectrum, TWFPC's provide adequate dosimetry. Otherwise, it is necessary to perform ancillary spectrally dispersive measurements to deduce the beam impurities and correct for them.
Ionization chambers
A second primary standard for soft x-ray dosimetry is the ionization chamber. This device measures the photoionization created by short wavelength electromagnetic radiation interacting with gases.
This ionization current is collected and used to infer the radiation dose. This technique has been applied from the energies in the vacuum ultraviolet to gamma-rays 6 * 13 » llf but the interpretation of the measurement must be carefully analyzed in each energy range to ensure proper inference of the absolute flux.
For example, the early work of Samson 13 is applicable from 1100 A to 300 A in rare gases and assumes that each photoionization creates one electron-ion pair.
A measure of the ion current is thus a direct Q measure of the photon flux. On the other hand, the work of Lyons and Baran 11* from 1 to 10 A utilizes the fact that on the average in atmospheric Xenon gas an 22 eV is used to create each electron-ion pair and thus the ion chamber current becomes a total energy measurement.
A thin window is provided to maintain the purity of the absorbing gas and to provide an equipotential surface to ensure total ion current collection. Other systems do not use totally absorbing gas chambers; but rather employ multiple sections in the ion chamber and variable gas pressures to infer the fraction of absorbed radiation. Because of their simplicity, these systems enjoy widespread popularity. They have proven to be an excellent choice for dosimetry in the 1 to 10 A region for moderate flux sources and for the energy region from 30 eV to 100 eV they are almost the only available technique.
Data bases
Accurate x -ray data bases are a vital aspect of many measurements and almost all calibrations.
However, the difficulties of soft x -ray measurements have kept the data base of soft x -ray optical constants small.
Furthermore, calculation of these cross sections is difficult.
The dominant process at soft x -ray wavelengths is photoionization, and an excellent theoretical review of this process was given by Hall. e The problem is the uncertainty in initial and final state wavefunctions, which at these energies include many electron effects.
The calculation of such effects is approximate and so must be checked against experiment and refined to the necessary level of precision.
In recent years, several very good compendiums of soft x -ray cross sections have become available which allow an experimenter to design instruments and interpret results.'s -2°T able 2 is a list of these references with a description of the energy range covered, the cross sections listed, and comments about the reference.
In general, in regions where the references are claimed to be reliable, agreement between measurement and theory is good.
The major exception is near absorption edges below a kilovolt where bound -bound and molecular effects can cause large discrepancies between measurement and tabulated values. Table 2 .
Compilations of x-ray /matter interaction coefficients This latter region is particularly troublesome because of the paucity of experimental data and the solid state effects that can be very significant.
In general, in this very low energy region it is best to verify cross sections with measurements whenever possible. Figure 3 gives examples of the agreement between experiment and published cross sections in the sub -100 eV region.
The comparison of aluminum transmission data taken at the DESY synchrotron20 with data taken at the SURF II facility at the National Bureau of Standards21 is of particular interest.
The agreement is quite good except near the aluminum L absorption edge. This difference is probably due to differences in sample preparation for the two experiments.
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Accurate x-ray data bases are a vital aspect of many measurements and almost all calibrations. However, the difficulties of soft x-ray measurements have kept the data base of soft x-ray optical constants small. Furthermore, calculation of these cross sections is difficult.
The dominant process at soft x-ray wavelengths is photoionization, and an excellent theoretical review of this process was given by Hall. 5 The problem is the uncertainty in initial and final state wavefunctions, which at these energies include many electron effects.
In recent years, several very good compendiums of soft x-ray cross sections have become available which allow an experimenter to design instruments and interpret results. 16 " 20 Table 2 is a list of these references with a description of the energy range covered, the cross sections listed, and comments about the reference.
In general, in regions where the references are claimed to be reliable, agreement between measurement and theory is good. The major exception is near absorption edges below a kilovolt where bound-bound and molecular effects can cause large discrepancies between measurement and tabulated values. These two tables give nearly identical results from 100 eV to 1 kilovolt. Above 1 kilovolt, we use the Storm and Israel results, while below 100 eV we use a mixture of Henke and DESY results. This latter region is particularly troublesome because of the paucity of experimental data and the solid state effects that can be very significant. In general, in this very low energy region it is best to verify cross sections with measurements whenever possible. Figure 3 gives examples of the agreement between experiment and published cross sections in the sub-100 eV region.
The comparison of aluminum transmission data taken at the DESY synchrotron 20 with data taken at the SURF II facility at the National Bureau of Standards 21 is of particular interest.
The agreement is quite good except near the aluminum L absorption edge. This difference is probably due to differences in sample preparation for the two experiments. Mass absorption cross sections of aluminum, formvar, Kimfoil, and polypropylene. Solid curves are tabulated cross sections.
Measurement techniques
Instrument characterization in the low energy x -ray region is a research project frequently involving the invention of new measurement techniques.
In this section, I would like to briefly describe several types of measurements which have been adapted to low energy x -ray characterizations.
They include low current measurement techniques, repetitively pulsed x -ray sources and phase sensitive detection, and beam divergence limiting systems.
Again, this is not meant as an exhaustive discussion but rather as a sample of some successful methods.
Low current measurements
Many detectors used in low energy x -ray detector systems convert the primary x -ray energy into electrical signals which are then recorded by standard signal processing techniques. However, for pulsed plasma sources, the power of the source to be measured may be fifteen to twenty orders of magnitude higher than the characterization source.
The disparity in power requires us to characterize the instrument at low power for the purposes of understanding its energy dependent sensitivity.
This results in the measurement of very small currents during calibration.
Modern electrometers such as the FET based electrometers built by Keithley Instruments or the vibrating reed electrometers which were built by Cary Instruments and which are still widely used, have current sensitivities lower than 10-17 amperes.
Current measurements at this level, however, require great care.
Particular attention must be paid to the quality of the insulating materials and it is best to use only those materials with the highest bulk resistivity, and lowest triboelectric and piezoelectric properties. Among the best materials are sapphire and kel -F. 
Measurement techniques
Instrument characterization in the low energy x-ray region is a research project frequently involving the invention of new measurement techniques.
In this section, I would like to briefly describe several types of measurements which have been adapted to low energy x-ray characterizations.
They include low current measurement techniques, repetitively pulsed x-ray sources and phase sensitive detection, and beam divergence limiting systems. Again, this is not meant as an exhaustive discussion but rather as a sample of some successful methods.
Low current measurements
Many detectors used in low energy x-ray detector systems convert the primary x-ray energy into electrical signals which are then recorded by standard signal processing techniques. However, for pulsed plasma sources, the power of the source to be measured may be fifteen to twenty orders of magnitude higher than the characterization source. The disparity in power requires us to characterize the instrument at low power for the purposes of understanding its energy dependent sensitivity.
Modern electrometers such as the FET based electrometers built by Keithley Instruments or the vibrating reed electrometers which were built by Gary Instruments and which are still widely used, have current sensitivities lower than Id""* 7 amperes.
Current measurements at this level, however, require great care. Particular attention must be paid to the quality of the insulating materials and it is best to use only those materials with the highest bulk resistivity, and lowest triboelectric and piezoelectric properties. Among the best materials are sapphire and kel-F.
Similarly, the electrical system is critical.
Electrometer leads should be as short as possible and utilize triax shielded geometries.
Also, all current collecting electrodes should be guarded from any voltage source by an intermediate electrode at or near ground potential to suppress stray currents in the electrometer circuit.
These are only a few of the considerations to successfully perform the necessary low current measurements.
An excellent monograph on these and related techniques is the book titled Electrometer Measurements distributed by Keithley Instruments.
Chopped x -ray source measurement techniques
The low current measurement techniques described in the last section are appropriate for intrinsically quiet detector systems.
X -ray diodes, XRD's, for example, measure x -ray fluxes by recording the photoemission from a metallic surface and have dark currents below 10-15 amperes with noise currents below 10 -17 amperes.
Many measurement systems, such as solid -state detector based instruments or photomultiplier based systems have less favorable sensitivity -to -noise ratios.
For these systems, it is necessary to utilize techniques to enhance signal -to -noise ratio during characterization.
These techniques include phase sensitive detection, and signal correlation.
A prerequisite for any of these techniques is the availability of a repetitive x -ray source.
Two forms have been used, the mechanical chopper and electrically pulsed system. Mechanical choppers have the advantage of being easy to implement at any x -ray source power level with high reliability.
Several types of choppers are available including a tuning fork based system and a rotating shutter and frequencies up to several kilohertz are readily achievable.
The disadvantage of this system is the mechanical vibration that such devices impose on the apparatus.
Especially at low photon energies where is is necessary to enclose the entire path of the x -ray beam in high vacuum, this mechanical vibration will couple to the detector under test.
These detectors are almost universally piezoelectric and the concommitant shock induced signal is in phase with the time varying x -ray sensitivity. Further development in this area would be fruitful to improve soft x -ray characterization.
Once a time varying x -ray beam is available, there are several signal processing units available to improve the detector signal -to -noise ratio, SNR.
These include the standard lock -in amplifier using signal filtration and phase sensitive detection.
These units also have preamplifiers with current sensitivity below 10-12 amperes and SNR improvements of over 60 dB are readily achievable.
Similarly, various signal averagers and signal correlator units are also available commecially with SNR improvement capabilities in excess of 80 dB. However, these units typically do not have high sensitivity signal preamplifiers and so must be used with low noise external amplifiers.
These techniques have greatly extended the utility of the low power laboratory x -ray sources available to most experimenters performing low energy x -ray characterizations.
Angular divergence measurements
Many of the topics that have been discussed in this paper emphasize energy sensitivity or temporal response of a measurement system; however, in many systems the sensitivity to x -ray input direction is equally important.
Such systems include x -ray spectrometers used to measure emission spectra and imaging systems using diffraction elements to create monochromatic images. Such applications are common in laboratory plasma diagnostics and solar astrophysics. Precision collimation is necessary to prepare a beam of x rays with low divergence for these and related applications.
Moderate resolution spectroscopic measurements utilizing crystal or metal multilayer diffraction elements require beams with divergence in one dimension of about a minute of arc.
Such instruments are typically much less sensitive to divergence in the orthogonal direction.
For such applications Söller collimators are appropriate.
These consist of many parallel plates, perhaps several inches long, stacked several tens of microns apart to limit the divergence of a beam in one dimension.
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Chopped x-ray source measurement techniques
X-ray diodes, XRD's, for example, measure x-ray fluxes by recording the photoemission from a metallic surface and have dark currents below 1CT 15 amperes with noise currents below 10~17 amperes.
Many measurement systems, such as solid-state detector based instruments or photomultiplier based systems have less favorable sensitivity-to-noise ratios.
For these systems, it is necessary to utilize techniques to enhance signal-to-noise ratio during characterization.
A prerequisite for any of these techniques is the availability of a repetitive x-ray source.
Two forms have been used, the mechanical chopper and electrically pulsed system. Mechanical choppers have the advantage of being easy to implement at any x-ray source power level with high reliability.
The disadvantage of this system is the mechanical vibration that such devices impose on the apparatus. Especially at low photon energies where is is necessary to enclose the entire path of the x-ray beam in high vacuum, this mechanical vibration will couple to the detector under test.
These detectors are almost universally piezoelectric and the concommitant shock induced signal is in phase with the time varying x-ray sensitivity.
It is therefore necessary to perform a subtraction of signals derived with the x-ray beam on and off while the chopper is running.
This problem can be eliminated by chopping the x-ray beam electrically with the high voltage on the x-ray tube.
This technique obviates the mechanical disadvantage of the mechanical chopper but adds the complication of a high voltage/high power pulser. To date, these types of units have been available as programmable power supplies up to several kilovolts at several hundred watts of available power and a hundred kilohertz in frequency. Further development in this area would be fruitful to improve soft x-ray characterization.
Once a time varying x-ray beam is available, there are several signal processing units available to improve the detector signal-to-noise ratio, SNR.
These include the standard lock-in amplifier using signal filtration and phase sensitive detection.
These units also have preamplifiers with current sensitivity below 10~12 amperes and SNR improvements of over 60 dB are readily achievable.
These techniques have greatly extended the utility of the low power laboratory x-ray sources available to most experimenters performing low energy x-ray characterizations.
Angular divergence measurements
Many of the topics that have been discussed in this paper emphasize energy sensitivity or temporal response of a measurement system^ however, in many systems the sensitivity to x-ray input direction is equally important.
Such systems include x-ray spectrometers used to measure emission spectra and imaging systems using diffraction elements to create monochromatic images. Such applications are common in laboratory plasma diagnostics and solar astrophysics. Precision collimation is necessary to prepare a beam of x rays with low divergence for these and related applications.
Such instruments are typically much less sensitive to divergence in the orthogonal direction. For such applications Seller collimators are appropriate. These consist of many parallel plates, perhaps several inches long, stacked several tens of microns apart to limit the divergence of a beam in one dimension.
For high resolution crystal spectroscopy at high energies or for high resolution imaging application, much finer collimation approaching a second of arc is necessary.
Such an application is monochromatic imaging of features in the solar x -ray spectrum.2
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Such a collimator consists of a two dimensional array of wires or holes stacked at appropriate distances to block off -axis transmission.
With such systems it is possible to achieve collimation of 10 ", FWHM, of arc or better in two orthogonal directions with high throughput. Such systems may be able to be made with resolution approaching l" of arc.
Conclusion
By necessity, this review can only outline some of the critical issues in absolute low energy x -ray characterization, and describe some of the approaches presently being used to generate low energy x -rays to provide spectral, temporal, and spatial characterizations of instruments.
The interested reader should also review the many related articles at this conference, and the papers at .AIP Conference No. 75 on "Low Energy X -ray Diagnostics" held in 1981 in Monterey.
Similarly, the classic text on VUV techniques by Samson, and the many published articles by B. L. Henke are also valuable sources of additional techniques.
Such an application is monochromatic imaging of features in the solar x-ray spectrum. 22 > 23 Such a collimator consists of a two dimensional array of wires or holes stacked at appropriate distances to block off-axis transmission.
With such systems it is possible to achieve collimation of 10" , FWHM, of arc or better in two orthogonal directions with high throughput. Such systems may be able to be made with resolution approaching l" of arc.
By necessity, this review can only outline some of the critical issues in absolute low energy x-ray characterization, and describe some of the approaches presently being used to generate low energy x-rays to provide spectral, temporal, and spatial characterizations of instruments.
The interested reader should also review the many related articles at this conference, and the papers at AIP Conference No. 75 on "low Energy X-ray Diagnostics" held in 1981 in Monterey. Similarly, the classic text on VUV techniques by Samson, and the many published articles by B. L. Henke are also valuable sources of additional techniques.
